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SUMMARY 

A s imulator  i nves t iga t ion  w a s  conducted t o  determine t h e  e f f e c t  of t h e  lead-  
a i r c r a f t  ground-speed quant iza t ion  l e v e l  on s e l f  -spacing performance using a Cockpit 
Display of T r a f f i c  Information ( C D T I ) .  The study u t i l i z e d  t h e  Terminal Configured 
Vehicle s imulator  a t  t h e  Langley Research Center, which represents  an advanced a i r -  
c r a f t  employing cathode-ray tubes  f o r  t h e  primary f l i g h t  and navigation d isp lays  and 
highly augmented f l i g h t  con t ro l  modes. 

The p i l o t ' s  t a s k  was t o  follow a l e a d  a i r c r a f t  which was performing an id l e -  
t h r u s t  p r o f i l e  descent  t o  an instrument landing system ( I L S )  approach and landing. 
The spacing requirement w a s  spec i f i ed  i n  terms of both a m i n i m u m  d is tance  and a t i m e  
i n t e r v a l  by us ing  a combined constant-distance-constant-time-predictor spacing 
cue. The fou r  ground-speed quant iza t ion  l e v e l s  explored were 1, 5, IO, and 20  knots. 

The r e s u l t s  i n d i c a t e  t h a t  t h e  ground-speed quant iza t ion  l e v e l ,  l ead -a i r c ra f t  
scenario,  and p i l o t  technique had a s i g n i f i c a n t  e f f e c t  on self-spacing performance. 
Spec i f i ca l ly ,  t h e r e  was a tendency f o r  t h e  following a i r c r a f t  (ownship) t o  be c l o s e r  
t o  t h e  l e a d  a i r c r a f t  f o r  l a r g e  ground-speed quant iza t ion  increments, p a r t i c u l a r l y  
during t h e  l a t t e r  s t a g e s  of t h e  approach. In add i t ion ,  t h e  dece lera t ion  cha rac t e r i s -  
t i cs  of t h e  l ead  a i r c r a f t  had a f i r s t - o r d e r  e f f e c t  on self-spacing performance, and 
va r i a t ions  i n  p i l o t  technique were r e a d i l y  d iscern ib le .  

INTRODUCT I ON 

A Cockpit Display of T ra f f i c  Information ( C D T I )  has  been proposed f o r  numerous 
app l i ca t ions  ( s e e ,  e.g. ,  r e f .  1)  , ranging from i t s  use  as a device t o  simply monitor 
t h e  surrounding t r a f f i c  s i t u a t i o n  t o  a d i sp l ay  which would permit t ac t i ca l - type  oper- 
a t i o n s  t o  be performed, such a s  merging and spacing. One of t h e  most obvious appl i -  
ca t ions  of C D T I  i s  t h e  i n - t r a i l  fol lowing opera t ion  i n  which t h e  CDTI-equipped a i r -  
c r a f t  ( r e f e r r e d  t o  a s  ownship h e r e i n a f t e r )  follows a l ead  a i r c r a f t  making an approach 
t o  landing. The p ro jec t ed  b e n e f i t s  i n  runway throughput a r e  based on t h e  assumption 
t h a t  C D T I  se l f - spac ing  would r e s u l t  i n  a lower in te rar r iva l - t ime d ispers ion  a t  t h e  
runway threshold  than can p resen t ly  be achieved with ground-controlled spacing tech-  
niques. This,  i n  t u rn ,  would permit a reduct ion i n  t h e  mean spacing required and, 
hence, an  improvement i n  runway throughput. (See r e f .  2 . )  

The f i r s t  s e r i e s  of s t u d i e s  d i r e c t e d  toward obta in ing  q u a n t i t a t i v e  da t a  on 
i n - t r a i l  se l f - spac ing  performance known t o  t h e  author  was done a t  t h e  Massachusetts 
I n s t i t u t e  of Technology i n  t h e  1970-1975 time period. (See r e f .  3.) Recently, t h e  
National Aeronautics and Space Administration (NASA) has  begun a s e r i e s  of experi- 
ments t o  explore t h e  effect  of var ious  parameters on self-spacing performance. (See, 
e.g., r e f s .  4 and 5.) The primary parameter chosen f o r  t h e  present  experiment w a s  
t h e  quant iza t ion  l e v e l  ( r e so lu t ion )  of t h e  ground speed of t h e  t a r g e t  displayed t o  
t h e  p i l o t .  

The experiment u t i l i z e d  t h e  Terminal Configured Vehicle (TCV) f ixed-base Simula- 
to r  a t  t h e  Langley Research Center ,  which represents  an  advanced a i r c r a f t  cockpi t  
configurat ion similar t o  t h e  f ourth-generation jets present ly  en te r ing  t h e  market. 
The s imulator  incorpora tes  cathode-ray tube (CRT) primary f l i g h t  and navigat ion 
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2 displays.  
purpose of t h i s  study. The p i l o t ' s  t a s k  w a s  t o  self-space on a l ead  a i r c r a f t  which 
w a s  performing an id l e - th rus t  p r o f i l e  descent t o  an instrument landing system ( ILS) 
approach and landing  t o  runway 35R ( r i g h t )  a t  Stapleton In t e rna t iona l  Airport ,  
Denver, Colorado. The p i l o t ' s  spacing requirement w a s  s p e c i f i e d  i n  terms of both a 
minimum d i s t ance  and a t i m e  i n t e r v a l  based on a combined constant-distance-constant- 
t ime-predictor spacing cue. 
t es t  matr ices ,  and t h e s e  w i l l  be referred t o  as t h e  phase I and phase I1 tes t  series 1 

i n  t h i s  report .  The t e s t  program (both  phases) requi red  100 approaches. 

The navigat ion d isp lay  w a s  modified t o  inc lude  t r a f f i c  information fo r  t h e  0 

Two sepa ra t e  test series w e r e  conducted us ing  d i f f e r e n t  

The primary performance measure used f o r  t h e  da t a  a n a l y s i s  w a s  t h e  i n t e r a r r i v a l  
t i m e  ( I A T )  a t  s p e c i f i c  po in t s ,  c a l l e d  "gates," a long t h e  approach path.  The I A T  w a s  
simply t h e  d i f f e rence  between t h e  t i m e  when t h e  l e a d  a i r c r a f t  passed t h e  g a t e  and 
when ownship passed t h e  gate. 
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SYMBOLS AND ABBREVIATIONS 

Advanced Guidance and Control System 

a l t i t u d e  engage 

a n a l y s i s  of var iance 

Air T r a f f i c  Control 

Air T ra f f i c  Control Advisory Committee 

a t t i t u d e  con t ro l  wheel s t e e r i n g  

Cal i  bra  t e  d a i r speed  engage 

cons tan t  d i s tance  

Cockpit Display of T ra f f i c  Information 

cathode-ray tube 

cons tan t  t i m e  p red ic to r  

f l ight-path angle  s e l e c t  

ground speed 

i n t  e r a r r iva 1 t i m e  

instrument landing system 

unaided iner t ia l -naviga t ion  mode 

magnetic 

mean sea l e v e l  

National Aeronautics and Space Administration 



RAD r ad ius  

S Laplacian opera tor  

SEL/CAS ca l ibra ted-a i r speed  mode s e l e c t e d  

STAR s tandard  te rmina l  a r r i v a l  rou te  

TCV Terminal Configured Vehicle 

TKA SEL t r a c k  angle  s e l e c t  

ground speed of l ead  a i r c r a f t ,  knots  vL 

i d e a l  ground speed of ownship, knots  vO 

VEL cws v e l o c i t y  c o n t r o l  wheel s t e e r i n g  

x ,y a i r c r a f t  displacement i n  runway-reference coordinate  frame, n.mi. 

'I; time constant ,  sec 

S IMULAT I O N  F A C I L I T Y  

Cockpit 

The tests were conducted us ing  t h e  Terminal Configured Vehicle (TCV) f ixed-base 
s imulator  a t  t h e  Langley &search Center. This f a c i l i t y  i s  configured t o  support  t h e  
NASA TCV Boeing 737 research  a i r c r a f t  descr ibed i n  re ference  6. The s imulator  cock- 
p i t  shown i n  f i g u r e  1 i s  a r e p l i c a  of t h e  a f t  f l i g h t  deck i n s t a l l e d  on t h e  research  
a i r c r a f t .  T h i s  cockpi t  i s  connected t o  a digital-computer complex programmed t o  pro- 
vide a f u l l  range of c o n t r o l  and d i sp lay  opt ions s i m i l a r  t o  those ava i l ab le  on t h e  
a i r c r a f t .  The computer program i s  a six-degree-of -f reedom simulat ion which includes 
nonl inear  aerodynamic da ta ,  r e a l i s t i c  engine dynamics, and a f l ight-control-system 
model incorpora t ing  nonl inear  ac tua to r s ,  hys t e re s i s ,  dead hands, and so fo r th .  The 
tests w e r e  conducted under simulated calm wind condi t ions  and i n  smooth a i r  ( i .e . ,  no 
turbulence) .  Densi ty-al t i tude e f f e c t s  were included i n  t h e  simulation. The cockpi t  
i s  equipped with panel-mounted c o n t r o l l e r s  which t a k e  t h e  p lace  of t h e  conventional 
wheel and column. The c o n t r o l l e r s  are loca ted  so as t o  provide an unobstructed view 
of t h e  CRT d i sp l ays  mounted on t h e  p i l o t ' s  and c o p i l o t ' s  panels.  Conventional rudder 
pedals  a r e  i n s t a l l e d ,  b u t  they are not  used with t h e  advanced con t ro l  modes. 

Controls f o r  t h e  landing gear ,  f l a p s ,  and speed brakes are provided along with 
s t a t u s  i n d i c a t o r s  f o r  t h e  landing gear  and f l aps .  The speed-brake pos i t i on  i s  
der ived from t h e  pos i t i on  of t h e  speed-brake handle. 

Control  Modes 

The tes ts  w e r e  conducted by us ing  v e l o c i t y  c o n t r o l  wheel s t e e r i n g  (VEL CWS) 
modes i n  both  the h o r i z o n t a l  and v e r t i c a l  planes.  
and fl ight-path-angle hold i n  nonmanewering f l i g h t .  
f l i gh t -pa th  angle  o r  tra,ck angle  by p i t c h  and r o l l  inputs ,  respec t ive ly ,  through t h e  
panel-mounted con t ro l l e r s .  Detai led desc r ip t ions  of t h e  ve loc i ty  con t ro l  wheel 

These modes provide track-angle 
The p i l o t  can change h i s  

3 



s t e e r i n g  modes are given i n  re ferences  7 and 8 f o r  t h e  la teral  and t h e  long i tud ina l  
degrees of freedom, respec t ive ly .  

The two speed-control op t ions  a v a i l a b l e  t o  t h e  p i l o t  w e r e  manual t h r o t t l e s  and 
t h e  c a l i b r a t e d  a i r speed  engage (CAS ENG) mode. The manual-thrott le mode is  a s t an -  
dard nonautomatic mode. me CAS ENG is  an automatic mode which d r ives  t h e  t h r o t t l e s  
t o  capture  and maintain a re ference  airspeed.  
us ing  a knob on t h e  Advanced Guidance and Control System (AGCS) control-mode pane l  
shown i n  f i g u r e  2. 

The r e fe rence  speed i s  s e l e c t e d  by 

Displays 

The p i l o t ' s  and c o p i l o t ' s  instrument  pane ls  each contained t h r e e  CRT's .  The 
upper CRT on each s i d e  presented v e r t i c a l  s i t u a t i o n  and p red ic t ive  information by 
us ing  t h e  improved format repor ted  i n  reference 8. The middle CRT on each s i d e ,  t h e  
C D T I ,  presented hor izonta l - s i tua t ion  and p red ic t ive  information and a proximate a i r -  
c r a f t  ( t h e  l ead  a i r c r a f t )  on a 7 1/2-in. (high)  by 5 1/2-in. (wide) display.  The 
lower CRT, a navigation-control and d isp lay  u n i t ,  was no t  used during t h e  p re sen t  
experiment. Airspeed, a l t i t u d e ,  v e r t i c a l  speed, and engine s t a t u s  w e r e  d isplayed on 
conventional d ia l - type  instruments.  

C D T I  DESCRIFTION 

Symbology 

The CDTI-display format used f o r  t h i s  i nves t iga t ion  i s  shown i n  f i g u r e  3. This 
format incorporates  t h e  e s s e n t i a l  f e a t u r e s  of t h e  s tandard TCV navigation d isp lay ,  
and it includes t r a f f i c  information as well. It i s  a track-up d isp lay  with both a 
d i g i t a l  readout and a moving-tape ind ica t ion  of t h e  cu r ren t  magnetic t r a c k  angle.  A 
f ixed-ref erence mark i s  provided f o r  t h e  moving tape. 

The nominal f l i g h t  pa th  i s  displayed by a dashed l i n e  and star-shaped waypoint 
symbols. Tags can be s e l e c t e d  by t h e  p i l o t  from a d isp lay  con t ro l  panel  mounted on 
t h e  cen te r  console forward of t h e  t h r o t t l e s .  These t a g s  give t h e  waypoint i d e n t i f i -  
ca t ion ,  t h e  nominal c ross ing  a i r speed  i n  knots,  and t h e  minimum cross ing  a l t i t u d e  i n  
f e e t .  

S ix  d i f f e r e n t  map sca l e s ,  1, 2, 4, 8, 16, and 32 n.mi./in., can be s e l e c t e d  by 
t h e  p i l o t .  Tine cur ren t  map s c a l e  i s  indica ted  by an alphanumeric t a g  i n  t h e  lower- 
l e f t  corner  of t h e  display.  Other readouts include t h e  f l i g h t  con t ro l  mode s e l e c t e d  
(SEL/CAS f o r  t h e  cal ibrated-airspeed engage mode), t h e  ownship ground speed (GS) i n  
knots ,  t h e  navigat ion mode ( I X X  i nd ica t ing  an unaided ine r t i a l -nav iga t ion  mode), and 
a readout showing t h e  range (RAD f o r  r ad ius )  of a t i c k  mark displayed on a t r e n d  
vec tor  i n  f r o n t  of ownship (3 n.mi. f o r  t h e s e  tes ts) .  

Ownship ( t h e  following a i r c r a f t )  i s  represented by a chevron-shaped symbol f i x e d  
i n  t h e  cen te r  of t h e  screen l a t e r a l l y  and 5 in.  from t h e  top  of t h e  screen  v e r t i c a l l y  
(which is  two-thirds of t h e  t o t a l  d i sp l ay  he igh t ) .  The reference  po in t  f o r  t h e  own- 
s h i p  symbol i s  t h e  apex of t h e  chevron. The chevron symbol was se l ec t ed  based on t h e  
r e s u l t s  presented i n  reference 9. 
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A time-based p red ic to r  vector ,  composed of t h r e e  segments, i nd ica t e s  t h e  loca- 
t i o n  where ownship i s  pro jec ted  t o  be i n  30-, 60-,  and 90-sec segments. The gaps 
between segments are 6 s e c  i n  length,  and t h e  vec tor  curves a r e  shown i n  f i g u r e  4 as 
a funct ion of t h e  a i r c r a f t  tu rn ing  radius .  Only t h e  30- and 60-sec segments a r e  
displayed on t h e  1-n.mi./in. map sca l e ;  a l l  t h r e e  segments a r e  displayed on t h e  
remaining map sca l e s .  

A t i c k  mark i s  displayed perpendicular  t o  t h e  time vec tor  3 miles ahead of t h e  
a i r c r a f t .  When t h e  a i r c r a f t  i s  tu rn ing  so t h a t  t h e  t r e n d  vec tor  i s  curved, t h e  
3-mile t i c k  i s  pos i t ioned  t o  represent  t h e  pa th  length  ( c i r cu la r - a rc  d is tance)  a s  
opposed t o  a r a d i a l  d i s tance  ahead of ownship. 

The " t r a f f i c "  ( l e a d  a i r c r a f t )  is  represented by a tr iangular-shaped symbol with 
t h e  apex as t h e  re ference  point .  The angular o r i e n t a t i o n  of t h e  t r i a n g l e  r e f l e c t s  
t h e  c u r r e n t  t r a c k  angle  of t h e  a i r c r a f t .  A t ag ,  showing t h e  l ead -a i r c ra f t  ground 
speed i n  knots,  i s  displayed ad jacent  t o  t h e  t r i a n g l e .  The t a g  maintains an upr ight  
o r i e n t a t i o n  when t h e  t r i a n g l e  ro t a t e s .  

Operational Aspects 

The t r end  vector  of ownship, t h e  track-angle d i sp l ays ,  t h e  map t r a n s l a t i o n ,  and 
t h e  map r o t a t i o n  were updated 16 t i m e s  pe r  second, which appears continuous from t h e  
p i l o t ' s  viewpoint. The lead-aircraf  t pos i t i on ,  t h e  ground-speed t a q ,  and t h e  alpha- 
numeric da ta  of ownship ( o t h e r  than t h e  track-angle readouts)  w e r e  updated only once 
every 4 sec.  A s  such, t h e  lead  a i r c r a f t  moved i n  a leapf rog  fashion,  jumping forward 
a t  t h e  4-sec update and then remaining f ixed  r e l a t i v e  t o  t h e  map between updates. 
The d isp lay  update was synchronized with t h e  t ra f f ic -pos i t ion-da ta  update so a s  t o  
minimize  t h e  t r a n s p o r t  l a g  between t h e  time a t  which n e w  t r a f f i c -pos i t i on  da ta  were 
"received" and t h e  t i m e  a t  which t h e  da ta  were displayed t o  t h e  p i l o t .  In a worst- 
case  s i t u a t i o n ,  t h i s  l a g  was equal  t o  two real-time computer i t e r a t i o n s ,  o r  
0.0625 sec. For a l l  p r a c t i c a l  purposes, t he re fo re ,  t h e  C D T I  accura te ly  displayed t h e  
pos i t i on  of t h e  l ead  a i r c r a f t  once every 4 sec. 

TEST DESCRIPTION 

Ground-Speed Quantization 

The primary va r i ab le  i n  t h i s  experiment w a s  t h e  increment i n  which t h e  lead- 
a i r c r a f t  ground speed w a s  displayed on t h e  CDTI .  The fou r  l e v e l s  explored w e r e  
1, 5, 10, and 20 knots. However, t h e  a c t u a l  uncer ta in ty  between t h e  l ead -a i r c ra f t  
t r u e  ground speed and t h a t  i nd ica t ed  by t h e  t a g  i s  only one-half t h i s  value. The 
reason f o r  t h i s  is as follows: i f ,  f o r  example, t h e  quant iza t ion  l e v e l  w e r e  
20 knots,  t h e  t r a f f i c  ground-speed t a g  would d isp lay  values  such a s  220, 240, 260, 
and 280 knots. I f  t h e  t r a f f i c  a c t u a l  ground speed were, f o r  example, 249.9 knots ,  
t h e  t a g  would i n d i c a t e  240 knots,  approximately 10 knots  l o w .  E ,  on t h e  o t h e r  hand, 
t h e  a c t u a l  ground speed were 250 knots,  t h e  t a g  would i n d i c a t e  260 knots,  or 1 0  knots  
t o o  high. A t  most, therefore ,  t h e  ind ica t ed  ground speed of t h e  l ead  a i r c r a f t  would 
be only 10 knots  i n  error. It i s  important t o  note  t h a t  t h e  ground-speed quantiza- 
t i o n  of ownship remained f i x e d  a t  1 knot during t h e  e n t i r e  experiment. 
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Tes t  Subjects  

Four NASA tes t  p i l o t s  w e r e  used a s  subjects f o r  t h i s  experiment. All fou r  w e r e  
f a m i l i a r  with t h e  TCV configurat ion and i t s  opera t ing  c h a r a c t e r i s t i c s .  In addi t ion ,  
t h r e e  of t h e  fou r  p i l o t s  had p a r t i c i p a t e d  i n  a previous CDTI  s tudy conducted i n  t h e  
TCV simulator.  (See r e f .  4. ) All fou r  t e s t  s u b j e c t s  had a lso p a r t i c i p a t e d  i n  
another  CDTI s tudy ( r e f .  5) u s ing  a conventional-cockpit  a i r c r a f t  simulator.  Since 
a l l  p i lo t s  w e r e  f a m i l i a r  with t h e  CDTI  concept and a l s o  t h e  TCV simulator,  fami l ia r -  
i z a t i o n  runs as such w e r e  no t  conducted. 

The t e s t s  assumed a two-man c r e w  type  of opera t ion  wherein t h e  second crewman, 
t h e  f i r s t  o f f i c e r ,  would handle r a d i o  communications, a i rc raf t - sys tems monitoring, 
and so fo r th .  It w a s  a l s o  assumed t h a t  t h e  f i r s t  o f f i c e r  would monitor h i s  C D T I  f o r  
t r a f f i c  and, hence, t h e  cap ta in  could s e l e c t  a map s c a l e  pred ica ted  s o l e l y  on t h e  
s e l f  -spacing t a sk .  

The same f i r s t  o f f i c e r  w a s  used f o r  a l l  t e s t  s u b j e c t s  and performed e s s e n t i a l l y  
t h e  same dut ies .  Besides t h e  r ad io  communications and system t a s k s ,  t h e  f i r s t  o f f i -  
c e r  ac tua ted  t h e  landing gear and f l a p  con t ro l s  on command of t h e  captain.  

Standard Terminal Arr ival  Route 

The scenar ios  used i n  t h i s  experiment employed a hypothe t ica l  p r o f i l e  descent  t o  
runway 35R a t  Stapleton In t e rna t iona l  Airport ,  Denver, Colorado. The p r o f i l e  descent  
was def ined by t h e  s tandard te rmina l  a r r i v a l  rou te  (STAR) a s  shown i n  f i g u r e  5. The 
segment from t h e  KEANN i n t e r s e c t i o n  t o  t h e  FLOTS i n t e r s e c t i o n  was based on previously 
published, prof i le-descent  procedures f o r  Denver. The segments from FLOTS t o  GANDR 
( t h e  ou te r  marker) w e r e  based on vec tor ing  p r a c t i c e s  by Denver approach c o n t r o l l e r s .  
The STAR terminated with an ILS approach t o  35R. 

The speeds shown adjacent  t o  t h e  waypoints a r e  ind ica t ed  a i r speeds  i n  knots.  
They represent  t h e  des i r ed  nominal speeds a t  t h e  waypoints. The a l t i t u d e s ,  on t h e  
o the r  hand, represent  t h e  minimum allowable c ross ing  a l t i t u d e ,  i n  f e e t ,  a t  t h e  
waypoint. 

Lead-Aircraft Scenarios 

In order  t o  generate  t r a f f i c  da ta  (and become f a m i l i a r  with t h e  STAR) , each tes t  
s u b j e c t  flew a minimum of two prof i le-descent  approaches without a l ead  a i r c r a f t .  
One of these  approaches s t a r t e d  a t  t h e  FLOTS i n t e r s e c t i o n ,  whereas t h e  o the r  s t a r t e d  
on a downwind l e g  1 0  n.mi. from t h e  LOOOT waypoint. The approaches were recorded a t  
a sample rate of one every 4 s e c  and were used a s  l e a d  a i r c r a f t  during t h e  subsequent 
t e s t i n g .  All i n  a l l ,  t h e r e  w e r e  e i g h t  d i f f e r e n t  scenar ios  created,  four  p i l o t s ’  
f l y i n g  approaches from each of two i n i t i a l  condi t ions.  

A l l  e i g h t  approach t r a c k s  were s imi l a r ,  b u t  f a r  from i d e n t i c a l ,  a s  shown i n  
f i g u r e  6. This f i g u r e  i s  a composite p l o t  showing a l l  t h e  t r a c k s  i n  t h e  ho r i zon ta l  
plane. The primary d i f fe rence  between scenar ios  stemmed from t h e  v a r i a t i o n  i n  t h e  
speed p r o f i l e s  flown by t h e  p i l o t s  as shown i n  f i g u r e  7 f o r  t h e  phase I t e s t  s e r i e s .  
Figure 7(a)  i s  a composite p l o t  of a l l  e i g h t  scenar ios  showing t h e  l ead -a i r c ra f t  
ground speed a s  a funct ion of t i m e  t o  go t o  t h e  runway threshold  ( t i m e  t o  th re sho ld ) ,  
whereas f i g u r e  7(b)  i s  a p l o t  of t h e  l ead -a i r c ra f t  ground speed as a func t ion  of 
d i s tance  t o  go t o  t h e  runway threshold  (d i s t ance  t o  th re sho ld ) .  A s  i nd ica t ed  by t h e  
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f igu res ,  t h e r e  i s  q u i t e  a v a r i a t i o n  i n  when ( o r  where) a s p e c i f i c  ground speed occurs  
during t h e  approach. In  genera l ,  each p i l o t  f lew e s s e n t i a l l y  t h e  s a m e  type of pro- 
f i l e  ( i .e . ,  f a s t  or slow) dur ing  h i s  two approaches. The spread i n  t h e  ground-speed 
p r o f i l e s  was due pr imar i ly  t o  v a r i a t i o n s  i n  p i l o t  technique a s  opposed t o  repea tab i l -  
i t y  by a given p i l o t .  

Task 

The p i l o t ' s  primary t a s k  i n  t h i s  experiment w a s  t o  maintain separa t ion  from a 
l e a d  a i r c r a f t  execut ing a p r o f i l e  descent  t o  runway 35R a t  Denver. In t h e  f i r s t  
series of tests (i.e.,  phase I of t h e  i n v e s t i g a t i o n ) ,  t w o  subtasks w e r e  employed. 
The f i r s t  involved rendezvousing wi th  a l ead  a i r c r a f t  from an  i n - t r a i l  pos i t ion .  The 
i n i t i a l  condi t ion of t h e  t r a f f i c  w a s  a t  t h e  FLOTS i n t e r s e c t i o n  as shown i n  f i g u r e  8. 
Ownship w a s  7 n.mi. from FLOTS, on course a t  17 200-ft a l t i t u d e ,  and trimmed f o r  an 
id l e - th rus t  descent i n  t h e  c lean  conf iqurat ion.  The second subtask involved merging 
i n  behind an a i r c r a f t  t h a t  w a s  approaching t h e  LOOOT waypoint from t h e  nor th  as shown 
i n  f i g u r e  9. The i n i t i a l  condi t ion of t h e  t r a f f i c  w a s  10 n.mi. from LOOOT a t  a 
16 000-ft a l t i t u d e  and 250-knot i nd ica t ed  airspeed. The i n i t i a l  condi t ions of own- 
s h i p  w e r e  t h e  same as i n  t h e  i n - t r a i l  subtask. 

The p i l o t  was i n s t r u c t e d  t o  e s t a b l i s h  a 60-sec i n t e r v a l  behind t h e  l ead  a i r c r a f t  
by t h e  t i m e  t h a t  ownship crossed t h e  DW35R waypoint. This appl ied  t o  both t h e  merge 
and i n - t r a i l  subtasks.  The p i l o t  was a l s o  i n s t r u c t e d  t o  maintain t h i s  i n t e r v a l ,  bu t  
keep a t  l e a s t  a 3-n.mi. separa t ion  from t h e  l ead  a i r c r a f t .  The 3-n.mi. requirement 
took precedence over t h e  60-sec requirement and, hence, t h e  p i l o t  had t o  make a t ran-  
s i t i o n  from time spacing t o  d i s t ance  spacing during t h e  approach. This t r a n s i t i o n  
typ ica l ly  occurred i n  t h e  v i c i n i t y  of t h e  base- to-f inal  t u r n  where ownship was decel- 
e r a t i n g  through a 180-knot ground speed. 

Additional i n s t r u c t i o n s  given t o  t h e  p i l o t  d e a l t  with speed and pa th  r e s t r i c -  
t i o n s  during t h e  approach. The complete s e t  of p i l o t  i n s t r u c t i o n s  a r e  given i n  
t a b l e  I. 

The second t e s t  s e r i e s  (phase I1 of t h e  inves t iga t ion )  was d i r ec t ed  toward sepa- 
r a t i n g  t h e  l e a d - a i r c r a f t  dece lera t ion-prof i le  e f f e c t  from t h e  ground-speed 
quant izat ion-level  e f f e c t .  The t a s k  used i n  phase I1 of t h i s  inves t iga t ion ,  there-  
fo re ,  d i d  no t  include t h e  rendezvous or merging subtasks.  In  phase 11, t h e  i n i t i a l  
pos i t i on  of t h e  l ead  a i r c r a f t  was a t  DW35R, and ownship w a s  approximately 66 sec  
(about 5.5 n.mi.) behind it. The i n i t i a l  condi t ions  were se l ec t ed  t o  y i e l d  i n t e r -  
a r r i v a l  t imes a t  DW35R s i m i l a r  t o  those  achieved during t h e  phase I tests. 

Test Matrix 

Phase I.- The f i r s t  series of t e s t s  (phase I)  used an experimental design based 
on t h r e e  f ac to r s :  ground-speed quant iza t ion ,  p i l o t s ,  and subtask. These f a c t o r s  
included fou r  ground-speed quant iza t ion  levels  ( 1 ,  5, 10, and 20 knots ) ,  fou r  t e s t  
subjec ts ,  and two subtasks (merge and i n - t r a i l ) .  In  add i t ion ,  t h e  e n t i r e  t es t  
sequence w a s  rep l ica ted .  This arrangement requi red  a t o t a l  of 64 tes t  runs 
( 4  r e so lu t ions  x 4 p i l o t s  x 2 t a s k s  x 2 r e p l i c a t i o n s ) .  Each tes t  sub jec t  w a s  given 
two s imulat ion sessions.  During t h e  f i r s t  sess ion ,  t h e  p i l o t  f lew a sequence of fou r  
merge and fou r  i n - t r a i l  subtasks.  The ground-speed quant iza t ion  l e v e l  was va r i ed  f o r  
each run i n  a p re se l ec t ed  p a t t e r n  as shown i n  t a b l e  11. The second s imulat ion ses- 
s ion  w a s  s i m i l a r  t o  t h e  f i r s t ,  except  t h a t  t h e  ground-speed quant iza t ion  p a t t e r n  was 
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a l t e red .  The p a i r i n g  of ground-speed quant iza t ion  l e v e l s  and l ead -a i r c ra f t  scenar ios  
i n  t h e  t es t  matr ix  assumed t h a t  v a r i a t i o n s  between scena r ios  would no t  have a s i g n i f -  
i c a n t  e f f e c t  on t h e  r e s u l t s .  Preliminary a n a l y s i s  of t h e  phase I da ta  ind ica t ed  t h a t  
t h i s  w a s  a h ighly  quest ionable  assumption; t h e  ind iv idua l  scenar ios  d id ,  i n  f a c t ,  
appear t o  have a s i g n i f i c a n t  e f f e c t  on t h e  r e s u l t s .  

Phase 11.- The second series of tests (phase 11) w a s  s t r u c t u r e d  t o  ga in  addi-  
t i o n a l  da t a  on t h e  scenar io  e f f e c t  i nd ica t ed  by t h e  phase I data.  The t e s t  mat r ix  
employed a f u l l  f a c t o r i a l  design us ing  ground-speed quan t i za t ion  l e v e l ,  p i l o t s ,  and 
l e a d - a i r c r a f t  scenar ios  as f ac to r s .  The f a c t o r  l e v e l s  included t h r e e  ground-speed 
quant iza t ion  l e v e l s  (5 ,  1 0 ,  and 20  kno t s ) ,  fou r  t e s t  sub jec t s ,  and t h r e e  scenar ios .  
The tes t  sequence w a s  no t  r ep l i ca t ed ;  theref  ore,  only 36 approaches w e r e  required.  
The approaches w e r e  made i n  nine run blocks (approaches),  one f o r  each p i l o t ,  and 
w e r e  accomplished dur ing  a s i n g l e  s imulat ion se s s ion  with each t e s t  s u b j e c t  us ing  t h e  
t es t  matrix shown i n  t a b l e  111. 

DATA ANALYSIS 

Interarrival-Time Computation 

The primary s e l f  -spacing performance measure used i n  t h i s  i nves t iga t ion  was t h e  
i n t e r a r r i v a l  time ( I A T )  between t h e  l e a d  a i r c r a f t  and ownship a t  p re se l ec t ed  po in t s  
( "gates")  a long t h e  approach path.  As shown i n  f i g u r e  IO, s i x  ga t e s  were employed: 
one a t  t h e  runway threshold,  one a t  t h e  outer  marker, one on t h e  base l e g ,  and t h r e e  
on t h e  downwind leg. The t i m e  a t  which an a i r c r a f t  c rossed  a ga t e  was determined by 
i n t e r p o l a t i n g  t h e  recorded da ta ,  assuming t h a t  t h e  a i r c r a f t  acce le ra t ion  was cons tan t  
over t h e  4-sec data-sample period. The i n t e r a r r i v a l  t i m e  w a s  computed by t ak ing  t h e  
d i f fe rence  between t h e  time t h e  t a r g e t  crossed a ga t e  and t h e  t i m e  t h a t  ownship 
crossed t h e  same gate.  An " idea l"  i n t e r a r r i v a l  t i m e  w a s  a l s o  computed by assuming 
t h a t  ownship flew t h e  s p e c i f i c  speed p r o f i l e  requi red  t o  s a t i s f y  t h e  spacing 
c r i t e r i a .  

S t a t i s t i c a l  Treatment 

A th ree- fac tor  ana lys i s  of var iance (ANOVA) w a s  c a r r i e d  out  on t h e  I A T  f o r  each 
gate. As noted i n  a previous sec t ion ,  t h e  t h r e e  f a c t o r s  f o r  phase I w e r e  t h e  ground- 
speed quant iza t ion  l e v e l ,  t h e  p i l o t ,  and t h e  subtask (merge and i n - t r a i l ) .  In  
phase 11, t h e  t h i r d  f a c t o r  was t h e  l e a d - a i r c r a f t  scenar ios  i n s t e a d  of t h e  merge and 
i n - t r a i l  subtasks.  In add i t ion  t o  computing t h e  F values  f o r  each ga te ,  t h e  grand 
mean, s tandard deviat ion,  and e f f e c t  means of t h e  I A T  w e r e  a l s o  determined. 

SPACING C R I T E R I A  

Before d iscuss ing  t h e  r e s u l t s  of t h e  I A T  analyses ,  it i s  necessary t o  understand 
t h e  ramif ica t ions  of t h e  spacing c r i t e r i a  f o r  cons tan t  t ime predic tor /cons tan t  d i s -  
t ance  used i n  t h i s  inves t iga t ion .  By consider ing t h e  cons tan t  t i m e  p red ic to r  (CTP) 
c r i t e r i o n  f i r s t ,  it can be shown (see rei .  I O )  t h a t  t h e  i d e a l  ground speed of ownship 
Vo i s  a funct ion of t he  l ead -a i r c ra f t  ground speed VL a s  given by 
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where t h e  t i m e  cons tan t  z is  t h e  p red ic t ion  i n t e r v a l  used. In t h i s  study, z 
equaled 60 sec, which meant t h a t  ownship would a r r i v e  a t  a given po in t  60 sec a f t e r  
t h e  l ead  a i r c r a f t  a r r ived ,  providing ownship maintained i t s  cur ren t  ground speed. In 
a t y p i c a l  approach, however, t h e  ground speed of t h e  l e a d  a i r c r a f t  i s  cont inua l ly  
decreasing (even i f  it i s  holding cons tan t  t h e  ind ica t ed  a i r speed  while descending),  
which f o r c e s  ownship t o  dece le ra t e  a l so .  Since t h e  60-sec p red ic t ion  was based on 
t h e  ground speed of ownship s t a y i n g  constant ,  and ownship has  slowed down, t h e  I A T  
w i l l  be g r e a t e r  than  60 sec, even f o r  t h e  i d e a l  case  ( i .e . ,  p e r f e c t  spacing).  Fur- 
thermore, t h e r e  w i l l  be a d i f f e r e n t  i d e a l  I A T  assoc ia ted  with each l ead  a i r c r a f t  a t  
each g a t e  s i n c e  t h e  speed p r o f i l e  of ownship i s  a func t ion  of t h e  l ead -a i r c ra f t  speed 
p r o f i l e .  

Although, t h e  CTP c r i t e r i o n  general ly  r e s u l t s  i n  t h e  l ead  a i r c r a f t  and ownship 
having d i f f e r e n t  ground speeds a t  any i n s t a n t  t i m e ,  t h e  cons tan t  d i s tance  (CD) crite- 
r i o n  r equ i r e s  t h a t  t h e  ground speed of ownship match t h e  l ead -a i r c ra f t  ground speed 
a t  a l l  t i m e s .  That i s ,  

v ( s )  = v (SI 
0 L 

Here again,  however, t h e r e  w i l l  be a s p e c i f i c  i d e a l  I A T  a s soc ia t ed  with each lead 
a i r c r a f t  a t  each ga te .  

The t r a n s i t i o n  p o i n t  between t h e  CTP c r i t e r i o n  and t h e  CD c r i t e r i o n  i s  governed 
s o l e l y  by t h e  s p e c i f i c  time and d is tance  employed. I n  t h e  present  s tudy,  t h e  60-sec 
( b u t  no t  less than  3-n.mi.) c r i t e r i o n  meant t h a t  t h e  t r a n s i t i o n  occurred when t h e  
ground speed of ownship reached 180 knots. However, from a p r a c t i c a l  s tandpoint ,  t h e  
c r i t e r i a  cannot be s a t i s f i e d  near  t h e  t r a n s i t i o n  p o i n t  because it requi res  a n  instan-  
taneous decrease i n  t h e  ground speed of ownship a t  t h a t  po in t ,  s ince  t h e  l ead  a i r -  
c r a f t  w a s  invar iab ly  slower than  ownship. 
from 14 t o  48 knots  i n  t h e  ground speed of ownship a t  t h e  t r a n s i t i o n  po in t  would be 
requi red  t o  keep t h e  c r i t e r i a  s a t i s f i e d .  This phenomenon i s  i l l u s t r a t e d  i n  f ig -  
ure  11, which shows t h e  t r a n s i t i o n  occurr ing a t  about 130 sec ,  where t h e  i d e a l  ground 
speed of ownship decreases  instantaneously by almost 40 knots. The technique devel- 
oped by t h e  p i l o t s  t o  overcome t h e  spac ing-cr i te r ia  def ic iency  i s  covered i n  t h e  
"Results and Discussion" sect ion.  

For t h e  scenar ios  i n  t h i s  study, a ch'ange 

The i d e a l  ground speed of ownship (such a s  t h a t  shown i n  f ig .  11) was obtained 
by f i l t e r i n g  t h e  l ead -a i r c ra f t  ground speed with a 60-sec f i r s t - o r d e r  f i l t e r  t o  
c r e a t e  t h e  i d e a l  ground speed f o r  t h e  CTP po r t ion  of t h e  approach. When t h i s  ground 
speed dropped t o  180 knots,  t h e  i d e a l  ground speed became equal  t o  t h e  l e a d - a i r c r a f t  
ground speed. This procedure w a s  appl ied  t o  each l ead  a i r c r a f t  t o  y i e l d  an ideal  
ground-speed p r o f i l e  for ownship f o r  each scenario.  These i d e a l  p r o f i l e s  were u t i -  
l i z e d  t o  compute t h e  idea l  i n t e r a r r i v a l  t i m e s  r e f e r r e d  t o  i n  subsequent s ec t ions  of 
t h i s  repor t .  

RESULTS AND DISCUSSION 

Phase I - Tracking Performance 

P r i o r  t o  conducting t h e  a n a l y s i s  of var iance on t h e  I A T ,  t h e  p i lo t ' s  t r ack ing  
performance was examined t o  determine if t h e  pa th  devia t ions  t h a t  occurred r e l a t i v e  
t o  t h e  l ead -a i r c ra f t  pa th  had any inf luence  on t h e  I A T .  (It may be r e c a l l e d  t h a t  t h e  
p i l o t s  w e r e  i n s t r u c t e d  t h a t  pa th  devia t ions  w e r e  t o  be used only t o  prevent  v i o l a t i n g  
t h e  minimum spacing c r i t e r i o n . )  The ana lys i s  u t i l i z e d  approach p l o t s  such a s  t h e  
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ones shown i n  f i g u r e  12, a t y p i c a l  i n - t r a i l  case,  and i n  f i g u r e  13, a t y p i c a l  merge 
case. These f i g u r e s  show t h e  approach t r a c k s  of both t h e  l e a d  a i r c r a f t  and ownship 
i n  t h e  ho r i zon ta l  plane. The s t a r s  i n  f i g u r e  14 i n d i c a t e  t h e  p o s i t i o n  of ownship a t  
2-min i n t e r v a l s ,  s t a r t i n g  a t  t i m e  zero,  and t h e  c i r c l e s  r ep resen t  t h e  p o s i t i o n  of t h e  
l e a d  a i r c r a f t  a t  t h e  corresponding t i m e s .  To avoid c l u t t e r ,  t h e  nominal p a t h  has  n o t  
been shown. 

The f i r s t  step i n  t h e  a n a l y s i s  was t o  determine from v i s u a l  inspec t ion  i f  any 
obvious pa th  devia t ions  ( la teral  devia t ions  of 2 0 0 0  f t  o r  more) had occurred during 
t h e  base t u r n  and t h e  t u r n  t o  t h e  f i n a l  approach leg. Small devia t ions  w e r e  n o t  
considered s i g n i f i c a n t ,  s ince  accura te  pa th  con t ro l  w a s  n e i t h e r  necessary nor  
requi red  during t h i s  experiment. Once an obvious pa th  devia t ion  w a s  found, t h e  next  
step w a s  t o  check t h e  spacing ( I A T )  before  and a f t e r  t h e  t u r n  t o  see  what e f f e c t  t h e  
p a t h  a l t e r a t i o n  had on t h e  spacing. Three p o s s i b i l i t i e s  could e x i s t :  ( 1  ) t h e r e  was 
no appreciable  e f f e c t  on t h e  spacing, ( 2 )  t h e  pa th  a l t e r a t i o n  helped spacing, and 
( 3 )  t h e  pa th  a l t e r a t i o n  hindered spacing. 

The r e s u l t s  of t h e  ana lys i s  a r e  given i n  t h e  fol lowing t a b l e :  

E f fec t  on 
spacing 

None 
Helped 
Hindered 

Total  ...... I 

Base 
t u r n  

10  
8 
4 

2 2  

F i  na 1 
t u r n  

7 
5 
3 

15 

ASseen from t h e  t a b l e ,  t h e r e  w e r e  only 37 obvious pa th  devia t ions  o u t  of 1 2 8  t u rns .  
Of t h e  37, only about one-third were found t o  have helped spacing. The remainder 
e i t h e r  had no e f f e c t  on spacing o r  a c t u a l l y  hindered it. It appears, t he re fo re ,  t h a t  
t h e  pa th  devia t ions  d id  not  have any appreciable  e f f e c t  on t h e  spacing performance. 
In  addi t ion,  t h e r e  i s  no ind ica t ion  t h a t  t h e  p i l o t s  were us ing  pa th  devia t ions  f o r  
spacing, even subconsciously. 

In  addi t ion  t o  conducting t h e  spacing ana lys i s  descr ibed previously,  p a r t i c u l a r  
a t t e n t i o n  w a s  given t o  t h e  base t u r n  t o  s e e  i f  t h e r e  was any tendency f o r  t h e  p i l o t s  
t o  i n i t i a t e  t h e  t u r n  prematurely. Early i n  t h e  experiment, t h e  p i l o t s  commented t h a t  
between t h e  t i m e  t h e  lead  a i r c r a f t  turned onto t h e  base l e g  and t h e  t i m e  t h a t  ownship 
turned  onto  t h e  base leg,  they had no spacing reference.  This s i t u a t i o n  i s  i l l u s -  
t r a t e d  i n  f i g u r e  14. All p i l o t s  ind ica ted  t h a t  they  had t o  r e s i s t  temptation t o  
superimpose t h e  t r e n d  vec tor  on t h e  l e a d  a i r c r a f t ,  which would have r e s u l t e d  i n  turn- 
i n g  too  soon. An examination of t h e  da ta  ind ica ted  t h a t  t h e r e  was no tendency toward 
ea r ly  i n i t i a t i o n  of base turns .  

Factors  Affec t ing  Phase I I n t e r a r r i v a l  Times 

General.- The r e s u l t s  of t h e  ana lys i s  of var iance (ANOVA) of t h e  I A T  from t h e  
phase I tests are shown i n  t a b l e  IV. As i nd ica t ed  i n  t h i s  t a b l e ,  t h e r e  i s  enough 
evidence a t  t h e  0.95 l e v e l  o f  s ign i f i cance  t o  be l i eve  t h a t  a l l  t h r e e  f a c t o r s  consid- 
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e red  (ground-speed quant iza t ion ,  p i l o t s ,  and subtask)  a f f e c t  t h e  I A T  a t  two o r  more 
gates .  In  addi t ion ,  a s i g n i f i c a n t  i n t e r a c t i o n  between t h e  subtask and t h e  ground- 
speed quant iza t ion  was a l s o  ind ica ted ,  which w a s  completely unexpected and was t h e  
i n i t i a l  q u a n t i t a t i v e  c l u e  t h a t  t h e  v a r i a t i o n  between scenar ios  may have been having a 
pronounced e f f e c t  on t h e  r e s u l t s .  AS described i n  t h e  fol lowing sec t ions ,  examina- 
t i o n  of t h e  var ious e f f e c t  means provided enough a d d i t i o n a l  evidence of a p a i r i n g  
e f f e c t  between ground-speed quant iza t ion  and scenar ios  t h a t  a second tes t  s e r i e s  
(phase 11) was conducted t o  sepa ra t e  them. 

E f f e c t  of ground-speed quant izat ion.-  Table I V  i n d i c a t e s  t h a t  ground-speed quan- 
t i z a t i o n  has a s i g n i f i c a n t  e f f e c t  on t h e  I A T  a t  both ga t e s  1 and 2. Figure 15 i s  a 
p l o t  of t h e  e f f e c t  means f o r  each quant iza t ion  l e v e l  a t  each gate.  The i d e a l  values  
of I A T  have been included i n  f i g u r e  15 f o r  comparison purposes. 

AS seen from f i g u r e  15, t h e r e  w a s  a general  tendency f o r  t h e  separa t ion  t o  be 
g rea t e r  ( i .e . ,  t h e  measured I A T  w a s  g rea t e r  than t h e  i d e a l  I A T )  than t h a t  spec i f i ed  
by t h e  c r i t e r i o n .  The d a t a  a l s o  i n d i c a t e  t h a t  t h e  sepa ra t ion  w a s  general ly  g rea t e r  
a t  f i n e r  ground-speed quant iza t ion  l e v e l s ,  and it became even more so a s  t h e  approach 
progressed. A c l e a r  understanding of what was t ak ing  p l ace  was d i f f i c u l t  t o  ob ta in  
because t h e  i d e a l  values  of I A T  w e r e  considerably d i f f e r e n t  f o r  t h e  f i n e  ( 1  and 
5 knots) and coarse ( I O  and 20 knots) quant iza t ion  l eve l s .  

An assessment of t h e  scenar io  c h a r a c t e r i s t i c s  revealed,  with one exception, t h a t  
t h e  l e a d  a i r c r a f t  pa i r ed  with t h e  10- and 20-knot quant iza t ion  l e v e l s  dece lera ted  t o  
f i n a l  approach speed sooner than  t h e  four  l ead  a i r c r a f t  pa i r ed  with the  1- and 5-knot 
quant iza t ion  l eve l s .  This c h a r a c t e r i s t i c  of t h e  scenar ios  accounts f o r  t h e  tendency 
of t h e  i d e a l  I A T  t o  be l e s s  f o r  f i n e  quant iza t ion  l e v e l s  than  f o r  coarse  ones. In  
order  t o  determine what e f f e c t  t h i s  p a i r i n g  had on t h e  experimental  I A T ,  a second set  
of approaches were flown by us ing  a f u l l  f a c t o r i a l  ANOVA design. The r e s u l t s  of 
t hese  t e s t s  a r e  repor ted  subsequently under phase I1 of t h i s  study. 

P i l o t  e f f e c t . -  The p i l o t  e f f e c t  on t h e  I A T  was found t o  be s i g n i f i c a n t  a t  
g a t e s  3 and 6. 
gate.  
f o r  each p i l o t  s i n c e  they a r e  averaged across  quant iza t ion  l e v e l s  and subtasks.  

Figure 16 i s  a p l o t  of t h e  mean I A T  achieved by each p i l o t  a t  each 
The i d e a l  mean I A T  values  a r e  a l s o  shown, and i n  t h i s  case they a r e  t h e  same 

I t  is  r e a d i l y  apparent t h a t  p i l o t  4 simply t akes  more t i m e  i n  i n i t i a l l y  c los ing  
up spacing than  t h e  o t h e r  p i l o t s .  Although a l l  t h e  p i l o t s  tended t o  maintain g rea t e r  
separa t ion  on downwind (ga te s  4, 5 ,  and 6 )  than spec i f i ed  by t h e  c r i t e r i o n ,  t h e  sepa- 
r a t i o n  f o r  p i l o t  4 was even l a r g e r  s t i l l .  

Although p i l o t  4 produced t h e  s i g n i f i c a n t  e f f e c t  a t  g a t e  6, p i l o t  3 was found t o  
be causing t h e  s i g n i f i c a n t  e f f e c t  a t  ga te  3 (base l e g ) .  I ron ica l ly ,  t h e  mean I A T  of 
p i l o t  3 i s  c l o s e r  t o  t h e  i d e a l  mean a t  ga t e  3 than t h a t  of any of t h e  o t h e r  p i l o t s .  
Trying t o  s a t i s f y  t h e  c r i t e r i o n  a t  ga t e  3 ,  however, appears t o  car ry  over t o  ga te  2 
( f i n a l  approach),  where t h e  mean I A T  f o r  p i l o t  3 i s  seen t o  be less than t h e  i d e a l  
mean I A T .  

A s  a general  r u l e ,  t h e  p i l o t s  tended t o  maintain a l a r g e r  separa t ion  on t h e  lead  
a i r c r a f t  than t h a t  s p e c i f i e d  by t h e  spacing c r i t e r i a .  In  addi t ion ,  they tended t o  
“hang back” i n  t h e  t r a n s i t i o n  region (between t h e  CTP and CD cri teria) so a s  not  t o  
end up too  c l o s e  on f i n a l  approach. I f  a p i l o t  were caught i n s i d e  t h e  3-n.mi. l i m i t  
on f i n a l  approach, it w a s  v i r t u a l l y  impossible t o  inc rease  t h e  separa t ion  from t h e  
l ead  a i r c r a f t .  Despite a l l  t h e i r  cau t ion ,  however, it i s  i n t e r e s t i n g  t o  note  t h a t  
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none of t h e  p i l o t s  achieved a mean I A T  g r e a t e r  than  t h e  i d e a l  a t  t h e  runway threshold  
(gate 1 ) .  

Subtask e f f ec t . -  Rendezvous and merging subtasks w e r e  included i n  t h e  phase I 
t e s t  s e r i e s  t o  explore  t h e  e f f e c t  of t w o  d i s t i n c t  i n i t i a l  condi t ions  on t h e  IAT. The 
expectat ion w a s  t h a t  t h e  t r a n s i e n t s  a s soc ia t ed  with t h e  two subtasks would subside 
somewhere past  t h e  merge-rendezvous p o i n t  (ga t e  6), a f t e r  which both subtasks would 
be iden t i ca l .  It w a s  an t ic ipa ted ,  therefore ,  t h a t  i f  any s i g n i f i c a n t  e f f e c t s  
occurred, they would occur a t  t h e  beginning of t h e  approach (ga t e  6 )  and eventua l ly  
disappear. Based on t h e  ANOVA, however, t h e  subtask e f f e c t  w a s  found t o  be  s i g n i f i -  
can t  ( a t  t h e  95-percent l e v e l )  no t  only a t  ga t e s  6 and 5 bu t  a lso a t  ga t e s  3 and 2. 
This  turned o u t  t o  be caused by two independent f a c t o r s  as  explained subsequently. 

Figure 17 shows t h e  experimental and i d e a l  subtask e f f e c t  means  a t  each gate .  
The l a r g e  d i f f e rence  i n  t h e  experimental  mean I A T  between t h e  i n - t r a i l  subtask and 
t h e  merge subtask a t  ga te  6 was a t t r i b u t e d  t o  t h e  i n i t i a l  condi t ions  employed i n  t h e  
simulation. On t h e  average, ownship was e f f e c t i v e l y  about 9 s e c  c l o s e r  t o  t h e  l e a d  
a i r c r a f t  i n  t h e  merge case than i n  t h e  i n - t r a i l  case a t  t h e  s t a r t  of t h e  run. As 
ind ica ted  by f i g u r e  17, when ownship reached g a t e  6, t h i s  discrepancy had been 
reduced t o  about 6 sec. 

The d i f fe rence  between t h e  i n - t r a i l  and merge i d e a l  mean I A T  (most obvious f o r  
ga tes  2 and 3) i s  a d i r e c t  r e s u l t  of t h e  d i f f e rence  i n  l e a d - a i r c r a f t  scenarios .  
Since t h e  experimental I A T  follows t h e  s a m e  t r end  a s  t h e  i d e a l  I A T  f o r  ga t e s  5 
through 2, t h e  subtask e f f e c t  shown by t h e  ANOVA i s  more than l i k e l y  due t o  t h e  par -  
t i c u l a r  p a i r i n g  of subtask and l ead  a i r c r a f t  used i n  t h e  phase I tests. (This  
hypothesis was v e r i f i e d  by t h e  phase I1 tests.) It should be noted t h a t  t h e  d i f f e r -  
ence i n  t h e  experimental I A T  a t  g a t e  1 w a s  no t  s t a t i s t i c a l l y  s i g n i f i c a n t  and w a s  
a t t r i b u t e d  t o  a carry-over  e f f e c t  from ga te  2. 

Self-spacing Performance f o r  Phase I Tes t  S e r i e s  

The self-spacing performance achieved during t h e  i n i t i a l  t es t  s e r i e s  i s  i n d i -  
ca t ed  i n  f i g u r e  18. This f i g u r e  p re sen t s  t h e  mean and s tandard  devia t ion  of both t h e  
i d e a l  and experimental I A T  a t  each ga te  f o r  a l l  t h e  approaches of phase I. The i d e a l  
I A T  a t  t h e  runway threshold ( g a t e  1) assumes t h a t  ownship f l i e s  t h e  approach a t  
122-knots i nd ica t ed  a i r speed  and i s  exac t ly  3 n.mi. behind each l e a d  a i r c r a f t  when it 
crosses  t h e  threshold;  hence, t h e  s tandard  devia t ion  equals  zero. A t  a l l  o t h e r  
ga tes ,  t h e  s tandard devia t ion  of t h e  i d e a l  I A T  provides  a d i r e c t  i nd ica t ion  of t h e  
v a r i a t i o n  i n  lead-a i rc raf t  p r o f i l e s .  In addi t ion ,  t h e  square r o o t  of t h e  d i f f e rence  
between t h e  squares  of t h e  experimental and i d e a l  s tandard  devia t ions  i s  equal  t o  t h e  
s tandard devia t ion  of t h e  I A T  e r ro r .  Implicit i n  t h i s  r e l a t i o n s h i p  is t h e  f a c t  t h a t  
p e r f e c t  following would y i e l d  an experimental I A T  s tandard  devia t ion  equal  t o  t h e  
i d e a l  I A T  s tandard deviation. 

F igure  18 ind ica t e s  t h a t ,  ove ra l l ,  t h e  p i l o t s  kep t  a g r e a t e r  separa t ion  on t h e  
downwind l e g  (ga t e s  4 t o  6)  than  spec i f ied .  This a l s o  a p p l i e s  t o  t h e  base l e g  
( g a t e  3)  where, a s  noted i n  a previous sec t ion ,  t h e  p i l o t s  i n t e n t i o n a l l y  increased  
t h e i r  spacing i n t e r v a l  t o  prevent  g e t t i n g  "trapped" i n s i d e  3 n.mi. a t  t h e  spacing- 
cr i ter ia  t r a n s i t i o n  point .  Nonetheless, t h e  I A T  a t  g a t e  1 ind ica t e s  t h a t  t h e  mean 
separa t ion  was less than 3 n.mi. when t h e  l ead  a i r c r a f t  crossed t h e  threshold.  An 
examination of t h e  separa t ion  da ta  a t  g a t e  1 yie lded  a computed mean and s tandard  
deviat ion f o r  t h e  64 approaches of 2.95 n.mi. and 0.31 n.mi., respec t ive ly .  It i s  
i n t e r e s t i n g  t o  note  t h a t ,  even though e x p l i c i t  i n s t r u c t i o n s  w e r e  given t o  maintain a 
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minimum separa t ion  of 3 n.mi., t h e  p i l o t s  l e t  t h e i r  separa t ion  g e t  within 3 n.mi. 
on 38 of t h e  64 approaches flown. One poss ib l e  explanat ion f o r  t h i s  anomaly i s  t h a t  
t h e  60-sec t i m e  cons tan t  tended t o  l ead  t h e  pi lots  i n t o  a smaller  separat ion.  In  
retrospect, t h e  CTP and CD c r i t e r i a  should have been matched so t h a t  a nominal 
approach would no t  r equ i r e  a switchover t o  t h e  CD c r i t e r i o n .  In t h e  present  t e s t s ,  a 
t i m e  cons tan t  of about 83 sec should have been employed t o  keep t h e  separa t ion  i n t e r -  
v a l  a t  3 n.mi. o r  more. 

Fac tors  Affec t ing  Phase I1 I n t e r a r r i v a l  T i m e s  

General.- The phase I1 t e s t  matrix ( t a b l e  111) w a s  a f u l l  f a c t o r i a l  design us ing  
t h r e e  ground-speed quant iza t ion  l e v e l s  (5 ,  IO, and 20 kno t s ) ,  t h e  same four  t e s t  sub- 
j e c t s  as phase I, and t h r e e  of t h e  e i g h t  l e a d - a i r c r a f t  scenar ios  from phase I. The 
l ead -a i r c ra f t  scenar ios  s e l e c t e d  f o r  phase I1 a r e  shown i n  f i g u r e  19 and represent  
t h e  spectrum of scenar ios  employed i n  t h e  phase I t e s t s .  Figures 19 (a )  and 19(b)  a r e  
p l o t s  of t h e  l e a d - a i r c r a f t  ground speed as a func t ion  of t i m e  t o  go t o  t h e  runway 
threshold ( t i m e  t o  t h re sho ld )  and d is tance  t o  go t o  t h e  runway threshold (d i s t ance  t o  
th re sho ld ) ,  respec t ive ly .  It can be seen f o r  case  1 t h a t  t h e  p i l o t  of t h e  l e a d  air- 
c r a f t  f l i e s  a much f a s t e r  approach, i n  general ,  and does n o t  reach h i s  f i n a l  approach 
speed u n t i l  he i s  f a i r l y  c l o s e  in .  On t h e  o the r  end of t h e  spectrum, the  p i l o t  i n  
case 3 dece lera ted  r ap id ly  and reached f i n a l  approach speed almost 2 min e a r l i e r  than  
i n  case 1. In terms of d i s tance ,  t h e  l ead  a i r c r a f t  i n  case  1 c rosses  t h e  ou te r  
marker a t  about 170 knots ,  whereas t h e  a i r c r a f t  i n  case  3 reaches the  f i n a l  approach 
speed of 135 knots (about  122 knots  i nd ica t ed  a i r speed)  more than  2 miles  ou t s ide  t h e  
outer  marker. The t h i r d  case f a l l s  between t h e  two previous extremes described and 
represents ,  roughly, fou r  of t h e  e i g h t  scenar ios  used i n  t h e  phase I t e s t s .  It i s  
charac te r ized  by a more continuous gradual dece lera t ion ,  wherein t h e  f i n a l  approach 
speed i s  reached j u s t  a s  t h e  a i r c r a f t  c rosses  t h e  o u t e r  marker. 

The r e s u l t s  of t h e  a n a l y s i s  of var iance of t h e  I A T  obtained during t h e  phase I1 
da ta  runs a r e  shown i n  t a b l e  V. As i nd ica t ed  by t h i s  t a b l e ,  a l l  t h r e e  f a c t o r s  
(ground-speed quant iza t ion  l e v e l ,  p i l o t s ,  and scena r ios )  appear t o  have a s t a t i s t i -  
c a l l y  s i g n i f i c a n t  e f f e c t  ( a t  t h e  0.95 l e v e l )  on t h e  I A T  a t  two o r  more gates .  This 
i s  e s s e n t i a l l y  t h e  same r e s u l t  t h a t  was obtained i n  phase I, except t h a t  t h e  s i g n i f i -  
can t  e f f e c t s  do no t  necessar i ly  occur a t  t h e  same gates .  The ANOVA a l s o  suggests  
t h a t  t h e r e  a r e  i n t e r a c t i o n s  between t h e  quant iza t ion  l e v e l  and t h e  scenar ios ,  and 
a l s o  between t h e  p i l o t s  and t h e  scenarios .  As done previously with t h e  phase I data ,  
t h e  s i g n i f i c a n t  e f f e c t s  were analyzed with t h e  a i d  of p l o t s  of t h e  e f f e c t  means. 

. E f f e c t  -~ of . ground-speed . ~~ quant izat ion.-  Figure 20  i s  a p l o t  of t h e  mean I A T  f o r  
each quant iza t ion  l e v e l  a t  each gate.  Also included i n  t h e  p l o t  a r e  t h e  e f f e c t  means 
from t h e  phase I da ta  a t  t h e  5-, lo-, and 20-knot quant iza t ion  l e v e l s  and t h e  i d e a l  
mean I A T  f o r  t h e  phase I1 tests. It i s  apparent t h a t  t h e  phase I1 r e s u l t s  e x h i b i t  
t h e  same t rends  as t h e  previous data .  It i s  a l s o  apparent  t h a t  t h e  p i l o t s  maintained 
g rea t e r  separa t ion  from t h e  l e a d  a i r c r a f t  during t h e  phase 11 t e s t s  than  they  d id  
during t h e  phase I tests. This probably r e s u l t s  from t h e i r  phase I experience where 
they w e r e  f requent ly  caught i n s i d e  t h e  minimum-separation c r i t e r i o n  of 3 n.mi. It 
can be seen t h a t ,  on t h e  average, they adhered t o  t h e  minimum-spacing c r i t e r i o n  of 
3 n.mi. during t h e  phase I1 tests. 

A n  examination of t h e  quantization-level-scenario i n t e r a c t i o n  ( t h e  AC in te rac-  
t i o n  as shown i n  t a b l e  V) revealed t h a t  t h e  phase I1 quant iza t ion- leve l  r e s u l t s  w e r e  
dominated by scenar io  case 1 as i l l u s t r a t e d  i n  f i g u r e  21. In o the r  words, i f  ca se  1 
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w e r e  no t  included i n  t h e  t e s t  matrix,  n e i t h e r  t h e  quant iza t ion- leve l  e f f e c t  nor t h e  
AC i n t e r a c t i o n  would have been s i g n i f i c a n t .  

The i n t e r a c t i o n  ana lys i s  i nd ica t ed  t h a t  t h e  mean I A T  a s soc ia t ed  with t h e  5-knot 
quant iza t ion  l e v e l  and scenar io  case 1 w a s  much l a r g e r  a t  ga t e s  1 and 2 than  t h e  mean 
I A T  assoc ia ted  with a l l  o t h e r  combinations of quant iza t ion  l e v e l s  and scenar ios .  It 
appears t h a t ,  i n  general ,  al though t h e  p i l o t  can d e t e c t  when t h e  l e a d  a i r c r a f t  starts 
dece le ra t ing  sooner with f i n e  quant iza t ion  l e v e l s  than  wi th  coarse ones,  t h e  p i l o t  
has  no way of knowing a t  t h i s  po in t  i n  time whether t h e  l e a d  a i r c r a f t  w i l l  be f l y i n g  
a f a s t  or  slow approach. Consequently, t h e  p i l o t  i n i t i a t e s  a nominal dece le ra t ion  
and delays ad jus t ing  h i s  p r o f i l e  u n t i l  he  has  a c l e a r e r  understanding of what t h e  
l e a d  a i r c r a f t  i s  doing. Bas ica l ly ,  t he re fo re ,  t h e  I A T  tends  t o  r e f l e c t  t h e  lead- 
a i r c r a f t  p r o f i l e  more than t h e  fol lowers '  a c t i v i t i e s  during t h e  e a r l y  s t a g e s  of t h e  
decelerat ion.  This e f f e c t  i s  most conspicuous f o r  t h e  5-knot quant iza t ion  l e v e l  and 
scenar io  case 1 where t h e  p i l o t  of ownship d e t e c t s  t h e  l e a d - a i r c r a f t  dece le ra t ion  
sooner than  with t h e  coarse  quant iza t ion  l e v e l s  bu t  does no t  r e a l i z e  t h a t  t h e  l e a d  
a i r c r a f t  w i l l  be f l y i n g  a f a s t  approach. The p i l o t  i n i t i a t e s  h i s  own dece le ra t ion  
and t h e  l ead  a i r c r a f t  simply moves away from ownship, which r e s u l t s  i n  increased  
spacing and g rea t e r  I A T .  By t h e  t ime t h e  p i l o t  i n  ownship recognizes t h a t  t h i s  l ead  
a i r c r a f t  i s  f l y i n g  a very f a s t  approach, t h e r e  i s  l i t t l e  he  can do t o  e f f e c t  t h e  I A T  
without making a major a l t e r a t i o n  t o  h i s  own p r o f i l e .  Since t h e  p i l o t s  e l e c t e d  no t  
t o  make such a change ( t h a t  i s ,  not  t o  ca tch  up with t h e  l e a d  a i r c r a f t  on f i n a l  
approach),  t h e  I A T  assoc ia ted  with t h e  combination of t h e  5-knot quant iza t ion  l e v e l  
and scenar io  case 1 became progressively l a r g e r  a t  each successive g a t e  down t h e  
approach and, f i n a l l y ,  t he  i n t e r a c t i o n  became s i g n i f i c a n t  a t  ga t e  1. 

In  r e t rospec t ,  t h i s  same hypothesis holds f o r  t h e  r e s u l t s  of t h e  phase I tests. 
Both of t h e  l ead  a i r c r a f t  which w e r e  pa i r ed  with t h e  5-knot quant iza t ion  l e v e l  (it 
may be r eca l l ed  t h a t  phase I was not  a full f a c t o r i a l  experiment design) flew f a s t  
f i n a l  approaches. In  f a c t ,  one of t h e  l ead  a i r c r a f t  was t h e  scenar io  case 1 f o r  
phase 11. 

The o v e r a l l  conclusion of t h i s  ana lys i s  i s  t h a t  t h e  ground-speed quant iza t ion  
l e v e l  had a s i g n i f i c a n t  e f f e c t  on I A T  when t h e  l ead  a i r c r a f t  f lew a much f a s t e r  f i n a l  
approach than was t y p i c a l l y  flown. When t h e  l e a d - a i r c r a f t  speed p r o f i l e  w a s  nominal, 
ground-speed quant iza t ion  had no s i g n i f i c a n t  e f f e c t .  

P i l o t  e f f e c t . -  The mean I A T  from phase I1 f o r  each p i l o t  a t  each g a t e  i s  shown 
i n  f i g u r e  22. Also shown i n  t h i s  f i g u r e  a r e  t h e  mean I A T  f o r  each p i l o t  from t h e  
phase I approaches and t h e  i d e a l  mean I A T  f o r  t h e  phase I1 scenarios .  

The s i m i l a r i t y  between t h e  two sets of da ta  i s  immediately obvious. T h i s  i s  
considered t o  be q u i t e  " s ign i f i can t , "  s ince  t h e  two s imulat ion per iods w e r e  approxi- 
mately 4 months apa r t .  The s i m i l a r i t y  i n  t h e  two se.ts of da t a  implies t h a t  t h e  
p i l o t s  have adopted a p a r t i c u l a r  se l f - spac ing  technique wi th  which they can achieve 
repea tab le  r e s u l t s .  A s  i n  t h e  phase I t e s t s ,  p i l o t  3 t ends  t o  be much c l o s e r  t o  t h e  
l ead  a i r c r a f t  when cross ing  g a t e  3 than t h e  o the r  p i l o t s .  

The same carry-over  e f f e c t  from ga te  3 e x i s t s  a t  ga t e  2 a s  it d id  during 
phase I. The mean I A T  f o r  p i l o t  3 i s  very c lose  t o  t h e  i d e a l  mean I A T  a t  t h e  runway 
threshold (ga te  l ) ,  whereas t h e  o the r  p i l o t s  average 3 t o  5 s e c  l a t e  (although t h e  
d i f f e rences  a r e  no t  s t a t i s t i c a l l y  s i g n i f i c a n t ) .  

An examination of t h e  p i lo t - scena r io  i n t e r a c t i o n  ( t h e  BC i n t e r a c t i o n )  revea led  
t h a t ,  as i n  t h e  AC i n t e rac t ion ,  scenar io  case  1 dominated t h e  r e s u l t s .  The e f f e c t  
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means showed a l a r g e  v a r i a t i o n  i n  t h e  I A T  between t h e  p i l o t s  f o r  scenar io  case  1 
compared with cases  2 and 3. The two t e s t  sub jec t s  with t h e  l e a s t  experience i n  t h e  
s imulator  had much l a r g e r  spacing e r r o r s  a t  ga t e  2 than those  of t h e  o the r  two sub- 
j e c t s  when fol lowing t h e  l ead  a i r c r a f t  used i n  scenar io  case 1. For t h e  o t h e r  two 
scenar ios ,  t h e  spread  i n  I A T  between p i l o t s  was much s m a l l e r  and t h e r e  was no appar- 
e n t  t r end  with regard t o  t e s t  subjec t .  

Scenario e f f ec t . -  It may be r e c a l l e d  t h a t  t h e  o r i g i n a l  t e s t  s e r i e s  (phase I )  was 
based on t h e  assumption t h a t  v a r i a t i o n s  between scenar ios  ( i .e . ,  l ead -a i r c ra f t  char- 
a c t e r i s t i c s )  would n o t  have a s i g n i f i c a n t  e f f e c t  on t h e  r e s u l t s .  The r e s u l t s  of t h e  
phase I tests, however, i nd ica t ed  t h a t  t h i s  assumption was probably f a l s e .  The 
phase I1 t e s t s  were, therefore ,  conducted t o  check t h e  assumption and, i f  f a l s e ,  t o  
determine what e f f e c t  t h e  ind iv idua l  scenarios  were having on t h e  IAT.  

Figure 23 presents t h e  mean I A T  obtained with each scenar io  a t  each g a t e  during 
the  phase I1 tests. Also shown i s  t h e  i d e a l  I A T  assoc ia ted  with each scenario.  As 
seen from f i g u r e  23, t h e  i d e a l  I A T  f o r  case  1 i s  considerably less than t h e  o the r  two 
cases  a t  both ga t e s  3 and 2. This i s  a d i r e c t  r e s u l t  of t h e  dece lera t ion  p r o f i l e  
assoc ia ted  with scena r io  case  1. A l l  t e s t  sub jec t s  recognized t h a t  t h i s  a i r c r a f t  w a s  
f l y i n g  a f a s t  approach, but  they  e l ec t ed  not  t o  ca t ch  up with it on f i n a l  approach. 
The e f f e c t  on t h e  experimental  mean I A T  due t o  t h e  scenar ios  i s  s i g n i f i c a n t  a t  ga t e  3 
where t h e  p i l o t s  a r e  i n i t i a l l y  maintaining pos i t i on  on t h e  l ead  a i r c r a f t ,  and sce- 
na r io  case  1 i s  dominating t h e  r e s u l t .  However, t h e  I A T  i s  no t  s i g n i f i c a n t l y  d i f f e r -  
e n t  a t  t h e  ou te r  marker (ga t e  2 )  where the  p i l o t s  have ceased t o  chase t h e  l ead  a i r -  
c r a f t  and a r e ,  ins tead ,  s e t t i n g  up t h e i r  own approaches. The I A T  i s  s i g n i f i c a n t l y  
d i f f e r e n t  a t  t h e  threshold  (ga t e  1 )  because of t h e  l ead  a i r c r a f t  i n  case 1 which 
f l i e s  a f a s t  f i n a l  approach (8  t o  10  s e c  f a s t e r  than  t h e  o t h e r  two cases)  and simply 
moves away from ownship and c r e a t e s  a s i g n i f i c a n t l y  l a r g e r  I A T .  

Figure 23 provides  another  view of t h e  p i l o t ' s  tendency t o  employ excess separa- 
t i on .  It i s  i n t e r e s t i n g  t o  note  t h a t  t h e  I A T  e r r o r  a t  ga te  4 i s  on t h e  order  of 
6 sec,  which i s  t h e  same value as t h a t  used f o r  t h e  i n i t i a l  condi t ion on each run. 
Typically,  ownship crossed ga te  4 a t  2 1/4 min i n t o  t h e  run during phase 11, which 
provided ample t i m e  f o r  t h e  p i l o t  t o  c lose  up on t h e  l ead  a i r c r a f t .  An examination 
of t he  da ta ,  however, i n d i c a t e s  t h a t  t h e  p i l o t s  genera l ly  took ac t ion  t o  slow down 
f a s t e r .  On 32 of t h e  36 approaches flown, t h e  p i l o t s  added drag i n  some form p r i o r  
t o  c ross ing  ga te  4; two p i l o t s  used t h e  speed brakes,  and t h e  remaining two p i l o t s  
used t h e  speed brakes and/or t h e  landing gear. 

Overall  Spacing Performance 

The o v e r a l l  spacing performance achieved during t h e s e  tests i s  shown i n  f ig -  
ure  24. This f i g u r e  p re sen t s  t h e  grand mean and s tandard  devia t ion  f o r  a l l  1 0 0  runs 
of t h e  experiment a t  t h e  o u t e r  marker ( g a t e  2 )  and t h e  runway threshold  ( g a t e  1 ) .  A s  
ind ica ted ,  t h e  performance a t  t h e  runway threshold  i s  s l i g h t l y  more cons i s t en t  than  
a t  t h e  o u t e r  marker .  The mean i n t e r a r r i v a l  t i m e  a t  t h e  runway threshold  f o r  a l l  
100 approaches flown during t h e  experiment was 82.2 sec .  The i d e a l  mean i n t e r a r r i v a l  
t i m e  was 82.4 sec. 

These r e s u l t s  must be  qua l i f i ed ,  of course,  p r imar i ly  by t h e  f a c t  t h a t  they w e r e  
obtained i n  a par t - task  s imulator  ( i n  a calm-air environment) and involved only l e a d  
a i r c r a f t  of t h e  same type  a s  ownship. BY keeping t h e s e  q u a l i f i c a t i o n s  i n  mind, t h e  
following comparisons can be made. The s tandard devia t ion  a t  t h e  runway threshold  
of 8.1 sec achieved dur ing  t h e s e  t e s t s  i s  about 50 percent  b e t t e r  than  t h e  s tandard  
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devia t ion  of 18 sec used t o  r ep resen t  t h e  cu r ren t  ATC manual c o n t r o l  system i n  re fer -  
ence 2. The s tandard  devia t ion  of 8.1 s e c  i s  a l s o  somewhat b e t t e r  than  t h e  automated 
metering and spacing s tandard  devia t ion  of 11.1 sec  r epor t ed  i n  re ference  3. It does 
not ,  however, m e e t  t h e  ATCAC goa l  of 5 sec suggested i n  re ference  11 or  t h e  s tandard  
devia t ion  achieved with four-dimensional concepts us ing  continuous closed-loop speed 
con t ro l ,  which has  been repor ted  t o  be about 2 sec.  (See r e f s .  3 and 12.) 

P i  l o t  Comments 

P i l o t  comments w e r e  obtained fol lowing each s imulat ion se s s ion  r e l a t i v e  t o  t h e  
e f f e c t  of ground-speed quant iza t ion  on t h e i r  a b i l i t y  t o  self-space.  
comments w e r e  obtained independently,  a l l  p i l o t s  s t a t e d  e s s e n t i a l l y  t h e  same opinion. 
They a l l  i nd ica t ed  t h a t  t h e  20-knot quant iza t ion  l e v e l  was a l i t t l e  t o o  coarse,  and 
it requi red  guessing on t h e i r  p a r t  t o  determine what t h e  l e a d  a i r c r a f t  was doing. On 
t h e  o the r  hand, t h e  10-knot quant iza t ion  l e v e l  appeared t o  be s a t i s f a c t o r y  t o  a l l  
p i l o t s .  

Although t h e  

All p i l o t s  i nd ica t ed  t h a t  t h e  1- and 5-knot quant iza t ion  l e v e l s  were b e t t e r  than 
those  required t o  perform t h e  task .  One p i l o t  s t a t e d  t h a t  t h e  I-knot quant iza t ion  
l e v e l  improved h i s  confidence i n  eva lua t ing  t h e  lead-a i rc raf  t dece lera t ion  maneuvers. 
This idea was echoed by another p i l o t ,  who s t a t e d  t h a t  h i s  performance probably d id  
n o t  change i n  going from 1- t o  20-knot quant izat ion,  bu t  h i s  awareness of what was 
going on d id  change. H e  f e l t  he could perform a more aggressive capture  ( i n - t r i a l  
rendezvous) by knowing t h e  l ead -a i r c ra f t  speed t o  wi th in  1 knot. Additional p i l o t  
comments ind ica ted  t h a t  30 knots was about t h e  maximum, comfortable overtake speed; 
anything higher  than  t h a t  was hard t o  a r r e s t .  

From t h e  p i l o t ' s  s tandpoint ,  it appears t h a t  t h e  10-knot quant iza t ion  l e v e l  i s  
s a t i s f a c t o r y .  The reason f i n e r  l e v e l s  were probably no t  requi red  s t e m s  from t h e  f a c t  
t h a t  t h e  p i l o t s  do not ,  and cannot, match t h e  l ead -a i r c ra f t  ground speed knot f o r  
knot and s t i l l  s a t i s f y  t h e  cons tan t  time p red ic to r  (CTP) c r i t e r i o n .  By r e f e r r i n g  
back t o  f i g u r e  11, it can be seen t h a t  during t h e  CTP spacing phase, t h e  ownship 
ground speed must be between 5 and 40 knots higher than t h a t  of t h e  l ead  a i r c r a f t  a t  
any i n s t a n t  t o  s a t i s f y  t h e  spacing c r i t e r i a .  As such, t h e  p i l o t s  use  t h e  lead- 
a i r c r a f t  ground speed pr imar i ly  t o  d e t e c t  t h e  l ead -a i r c ra f t  dece lera t ion ,  and they  
use  t h e  CTP vec tor  as t h e  primary spacing cue. 

CONCLUSIONS 

A s imulat ion was conducted t o  determine t h e  e f f e c t  of t h e  l ead -a i r c ra f t  ground- 
speed quant iza t ion  l e v e l  on self-spacing performance us ing  a Cockpit Display of 
T r a f f i c  Information ( C D T I ) .  Based on t h e  r e s u l t s  obtained during these  tests,  t h e  
fol lowing conclusions are drawn: 

1. Ground-speed quant iza t ion  l e v e l  had a s i g n i f i c a n t  e f f e c t  on i n t e r a r r i v a l  t i m e  
only when t h e  l ead  a i r c r a f t  flew a f a s t  f i n a l  approach. 

2. There was a tendency f o r  ownship t o  be c l o s e r  t o  t h e  l ead  a i r c r a f t  a t  coarse  
quant iza t ion  l e v e l s ,  p a r t i c u l a r l y  during t h e  l a t t e r  s t ages  of t h e  approach. 
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I 3. The p i l o t s  commented t h a t  a IO-knot ground-speed quant iza t ion  l e v e l  w a s  sat- 
i s f a c t o r y ,  bu t  20 knots  was t o o  coarse. However, t h e  spacing performance 
was no t  s i g n i f i c a n t l y  d i f f e r e n t  with e i t h e r  leve l .  

4. The dece lera t ion  p r o f i l e  of t h e  lead  a i r c r a f t  had a f i r s t - o r d e r  e f f e c t  on t h e  
spacing performance. 

5. The mean i n t e r a r r i v a l  t i m e  a t  t h e  runway th re sho ld  f o r  a l l  100 approaches 
flown during t h e  experiment was 82.2 sec.  The i d e a l  mean i n t e r a r r i v a l  t ime 
was 82.4 sec. 

6. The s tandard  devia t ion  of t h e  i n t e r a r r i v a l  t i m e  a t  t h e  runway threshold  was 
8.1 sec.  

7. The cons tan t  t i m e  p r e d i c t o r  (CTP) spacing technique had an inherent  t i m e  
e r r o r  when fol lowing a dece le ra t ing  l ead  a i r c r a f t  s i n c e  ownship must a l s o  
dece le ra t e  t o  maintain spacing. 

8. Differences i n  p i l o t  techniques were r ead i ly  d i sce rn ib l e  i n  t h e  spacing- 
performance da ta .  

9. Path a l t e r a t i o n s  which occurred during t h e  approaches had no apparent  e f f e c t  
on t h e  r e s u l t s .  

Langley Research Center 
Nat ional  Aeronautics and Space Administration 
Hampton, VA 23665 
August 22, 1983 
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TABLE I. - PILOT INSTRUCTIONS 

1. Establ ish 1 min ( 6 0  s ec ) ,  i n - t r i a l ,  spacing before  c ros s ing  DW35R. 

2. Maintain 1 min, b u t  no t  less t h a n  3 n.mn. spacing, from DW35R t o  touchdown. 

3. A d h e r e  t o  t h e  250-knot speed l i m i t  below 10 000-ft MSL. 

4. Path deviat ions should be used only t o  prevent v i o l a t i o n  of t h e  I-min (3-n.mi.) 
spacing c r i t e r i o n .  

5. VEL CWS should be used i n  p i t c h  and r o l l .  Thro t t l e  con t ro l  i s  op t iona l  ( C A S  ENG 
o r  MANUAL). Gear, f l a p s ,  and speed brakes may be used a t  your d i sc re t ion .  

6. The spacing t a s k  t a k e s  precedence over t h e  p r o f i l e  descent airspeeds.  

7. The star a l t i t u d e s  a re  given i n  t e r m s  of "cross a t  o r  above" t h e  given waypoint 
a 1 ti tud e. 
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TABLE 11.- PHASE I TEST MATRIX 

I Ground-speed quant iza t ion  l e v e l ,  knots  

9 
10 
1 1  
1 2  
13  
14 
15 
16 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

X 

X 

. -  

X 

X 

5 

X 

X 

X 

X 

. .. . 

. .. 

I l o  I 
Session 1 

X 

X 

Session 2 
.. . - 

X 

X 

__ . . 

2 0  

X 

X 

. .  

X 
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TABLE 111.- PHASE I1 TEST MATRIX 

. .~ . -  ~ 

Ground-speed quant iza t ion  leve  1, 

5 

X 

2 0  

X 
X 

X 

Subtask 

In - t r a i  1 
I n - t r a i l  
In - t r a i  1 
I n - t r a i l  
Merge 
Merge 
Merge 
M e  r ge 

In - t r a  i 1 
I n - t r a i l  
In - t ra i  1 
In - t r a i  1 
Merge 
%rge 
Merge 
Merge 

Scenario 
case  

3 
1 
3 
2 
3 
2 
1 
2 
1 

2 0  



TABLE IV.- FACTORS AFFECTING INTERARRIVAL TIME I N  PHASE I T E S T  S E R I E S  

ABC I 

3 

Gatea 
~ 

4 5 

aThe symbol I i n d i c a t e s  0.95 l e v e l  of s ign i f icance .  

TABLE V.- FACTORS AFFECTING INTERARRIVAL TIME I N  PHASE I1 T E S T  S E R I E S  

Factor 

A 
(quant iza t ion  

l e v e l )  

B 
( p i  l o t )  

C 
( s cena r io )  

AB 

AC 

BC 

aThe symbol 

1 2 3 

I 

I 

I i n d i c a t e s  0.95 l e v e l  of s ign i f icance .  
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Figure 3 . -  CDTI w i t h  waypoint t ags  se l ec t ed .  
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Figure 8.- I n i t i a l  condi t ion of t r a f f i c  and ownship f o r  i n - t r a i l  
rendezvous subtask.  
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F i g u r e  9.- I n i t i a l  condi t ion  of t r a f f i c  and ownship f o r  merge subtask.  
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( a )  Ground speed as funct ion of t i m e  t o  go t o  runway threshold.  

Figure 19.- Lead-aircraf t  ground-speed c h a r a c t e r i s t i c s  i n  phase I1 t e s t  s e r i e s .  
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Figure 19.- Concluded. 

4 2  



c 
C 

92 

88 

84 

80 

+-‘ 7 6 -  
a - 

72 

68 

64 

- 
- 

- 

- 

- 

- 

- 

60- 

Gate El 

-Phase II tests 
- - - 0 - -  Phase I tests 
0 Ideal (phase I I 1 

\ \ 
\ A 
i \ 

\ 
\ 

’. 

111 u u 
5 10 20 5 10 20 5 10 20 

Ground -speed qua nti zat i o n  I eve I, knots 

u 
5 10 20 

Figure 2 0 . -  Effect means for ground-speed quantization level  i n  phase I1 t e s t  series.  

43 



101 

100 

96 

92 

88 

V 84 
% 
I-- a 
- 80 

76 

72  

68 

64 

60 

+- 

Gate 

+--+ 

0 

-0- Scenario case 1 

-- -e- -- Scenario cases 2 and 3 

+ + I 
\ I 

W u u u 
5 10 20 5 10 20 5 10 20 5 10 20 

Ground-speed quantization level, knots 

Figure 2 1.- Effec t  means f o r  i n t e r a c t i o n  of scenar io  and ground-speed quant iza t ion  
l e v e l  i n  phase I1 t e s t s .  

44 



92 

88 

84- 

80 

u 
0, 

“76-  
a I-- 
- 

72 

68 

64 

60 

Gate 

- 

- 

- 

- 

- 

- 

- 

/ 
/ 

0 

El 

u u 
1 2 3 4  1 2 3 4  

Pilot number 

u 
1 2 3 4  

Phase I I  tests 
Phase I tests 
I deal (phase I I )  

A .  .--.-. / 

-0 - 
I J  

1 2 3 4  

Figure 22.- E f fec t  means f o r  p i l o t  f a c t o r  i n  phase I1 t e s t  s e r i e s .  

45 



9; 

8t 

81 

+- a - 72 

68 

64 

Gate 

\ 
\ 

h 

60 

u 
1 2 3  

4 
Q’ \ 

\ 

- -0- - Experimental 
-o-- Ideal 

e-o 
I 
I 
I 

1 2 3  1 2 3  

Scenario case 

Figure 23.- Ef fec t  means f o r  scenario f a c t o r  i n  phase I1 t e s t  s e r i e s .  

46 

u 
1 2  3 

U 



92- 

88 

84 

80 

u al 
76- +- 

Q - 

72 

68 

T 
- 

- 

- 

- 

- 

64- 

60- 

Mean 

Standard deviation 
about the mean 

1 2 
Gate 

Figure 24.- Overall spacing performance. 

! 

47 



~ 

2. Government Accession No. 1 1. Report No. 

NASA TI?-2194 
4. Title and Subtitle 

EFFECT OF LEAD-AIRCRAFT GROUND-SPEED QUANTIZATION ON 
SELF-SPACING PERFORMANCE USING A COCKPIT DISPLAY O F  
TRAFFIC INFORMATION 

7. Author(s) 

James R. Kelly 

7. Key-Words (Suggested by Authoris)) 

Cockpit display of t r a f f i c  
Cockpit t r a f f i c  display 
Traf f ic  s i tua t ion  display 
Aircraf t  separation 
CDTI 

_ _ _  - 

9. Performing Organization Name and Address 

NASA Langley Research Center 
Hampton, VA 23665 

~~~~~ 

18. Distribution Statement 

Unclassified - Unlimited 

Subject Category 06 
. ~ .  . - - . - __  

2. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, DC 20546 

-~ - 
5. Supplementary Notes 

3. Security Classif. (of this report) 

- .  
Unclassified 

_ .  - 

6. Abstract 

20. Security Classif. (of this page) 21. No. of Pages 22. Rice 

A0 3 Unclassified 
~ ~~ 

. .  

3. Recipient's Catalog No. 

5. Report Date 

October 1983 
6. Performing Organization Code 

505-35-23-03 
- 

8. Performing Organization Report No. 

L-15402 
10. Work Unit No. 

11. Contract or Grant No. 

13. Type of Report and Period Covered 

Technical Paper 

14. Sponsoring Agency Code 

. .  

A simulator invest igat ion w a s  conducted t o  determine t h e  e f f e c t  of t he  lead-aircraf t  
ground-speed quantization l eve l  on self-spacing performance using a Cockpit Display 
of Traf f ic  Information ( C D T I ) .  The study u t i l i z e d  a simulator employing cathode-ray 
tubes f o r  the primary f l i g h t  and navigation displays and highly augmented f l i g h t  
control  modes. The p i l o t ' s  t ask  w a s  t o  follow, and sei€-space on, a lead a i r c r a f t  
which w a s  performing an idle- thrust  p r o f i l e  descent t o  an instrument landing system 
(ILS) approach and landing. The spacing requirement w a s  specified i n  terms of both i 

minimum distance and a t i m e  in te rva l .  The r e s u l t s  ind ica te  t h a t  t he  ground-speed 
quantization level,  lead-aircraf t  scenario, and p i l o t  technique had a s ign i f icant  
e f f e c t  on se l f  -spacing performance. However, the  ground-speed quantization leve l  
only had a s ign i f icant  e f f e c t  on t h e  performance when t h e  lead a i r c r a f t  flew a f a s t  
f i n a l  approach. 

, 




